The mechanisms underlying spontaneous atrial fibrillation (AF) associated with atrial ischemia/infarction are incompletely elucidated. Here, we investigate the mechanisms underlying spontaneous AF in an ovine model of left atrial myocardial infarction (LAMI).
A trial fibrillation (AF) is the most common arrhythmia in adults, affecting >4 million Americans.
1,2 AF is associated with a range of potential adverse consequences like decreased quality of life, decompensated cardiovascular status, and stroke. 3, 4 AF may be caused by cardiac conditions, such as heart failure and coronary artery disease (CAD), 1, [5] [6] [7] or may occur de novo (lone AF). Clinical and experimental studies show that both atrial and ventricular CAD-related insults lead to AF onset and perpetuation. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] It has been suggested that the pathophysiological role of atrial ischemia/infarction in AF onset is greatly underestimated. 18, 19 For instance, AF is a well-known complication of acute myocardial infarction, 11 and CAD is a significant risk factor for AF. 20 Although AF after ventricular myocardial infarction might also be triggered by an increase in intra-atrial pressure in the context of acute ventricular dysfunction, 21, 22 various studies have shown that isolated atrial infarction is common, representing ≈20% of autopsy-proven atrial infarctions. 23, 24 In patients with both paroxysmal and persistent AF but no proven atrial infarction, isolated atrial myocardial perfusion abnormalities, coronary flow reserve impairment, and microvascular dysfunction can also occur. [14] [15] [16] A recent report indicated that selective atrial coronary artery occlusion during elective percutaneous transluminal coronary angioplasty is associated with myocardial ischemic damage, atrial arrhythmias, and intra-atrial conduction delay. 25 At the mechanistic level, Nishida et al 26 demonstrated a greater occurrence of spontaneous sarcoplasmic reticulum (SR) Ca 2+ -release events (SCEs) in ischemic zone (IZ) cardiomyocytes and AF initiation in an 8-day canine regional right atrial myocardial infarction model. In that study, however, the molecular basis of SCEs was not established. In particular, the manner in which cardiac RyR2 (ryanodine receptor) function may be altered by atrial ischemia was not examined, and its relationship to spontaneous AF in vivo and to ectopic firing was not directly determined. Novel insights into such mechanisms are needed to develop new, mechanism-based management approaches. Here, we studied chronic left atrial (LA) myocardial infarction (LAMI)-related AF in an ovine model in which regional impairment in atrial coronary perfusion causes spontaneous AF in vivo. As suggested previously in other settings, [27] [28] [29] we hypothesized that atrial infarction predisposes cardiomyocytes to SCEs and local reentry, leading to spontaneous focal discharges that trigger AF. In addition, we tested
WHAT IS KNOWN?
• Atrial and ventricular coronary artery diseaserelated myocardial insults lead to atrial fibrillation (AF) onset and perpetuation.
• AF initiation may be caused by right atrial myocardial infarction. Spontaneous sarcoplasmic reticulum Ca
2+
-release events preferentially occur in cardiomyocytes located in the ischemic atrium.
WHAT THE STUDY ADDS?
• Left atrial ischemia/infarction causes spontaneous AF episodes in sheep. Ischemia/infarction-related AF episodes are initiated by spontaneous focal discharges and maintained by reentry.
• Nitroso-redox imbalance in the ischemic zone is associated with intense reactive oxygen species production and an altered RyR2 (ryanodine receptor) response to calmodulin.
• Dantrolene administration normalizes the calmodulin response, prevents ischemia-related spontaneous focal discharges, and averts AF initiation.
whether dantrolene, which has been shown to stabilize RyR2, [30] [31] [32] [33] may prevent this cascade of events.
METHODS

Data, Materials, and Code Disclosure
The authors declare that all supporting data are available within the article (and its Data Supplement). Any further data, if available, that support the findings of this study are available from the corresponding author on reasonable request.
Ovine LAMI Model
All sheep were castrated male sheep in the range of 35 to 40 kg body weight and 3 to 4 months of age. The protocol that was used conforms to the Guide for Care and Use of Laboratory Animals published by the United States National Institutes of Health, publication no. 85-23, revised 1996. We implemented an innovative chronic ovine LAMI model generated by surgical ligation of small coronary artery branches that irrigate specific regions of the posterior left atrium. After left thoracotomy at the fifth intercostal space, the left anterior atrial coronary branch was identified and ligated with a 4-0 silk suture (N=30).
Depending on the anatomy of the specimen, smaller branches arising from the circumflex artery and irrigating the LA roof were also ligated ( Figure 1 , average arteries ligated per animal, 1.69 in LAMI versus 1.65 in dantrolene group). Thereafter, the pericardial sac and the chest were closed. Sham-operated animals (N=7) were similarly prepared, but the left coronary branch/branches were not sutured. ECG loop recorders (Reveal; Medtronic, Inc) were implanted subcutaneously to monitor AF episodes. Spontaneous AF episodes were defined as AF episodes occurring spontaneously and lasting >2 minutes. Sheep were followed postoperatively for 7 to 8 days. In 7 sheep, dantrolene-a RyR2 blocker-was administered during the 8-day observation period (LAMI-D, 2.5 mg/kg, IV, BID). The experimental protocol is shown in Figure 2 . After heart removal, the IZ was defined visually by its red exudative appearance and lack of contractility.
Optical Mapping and Pacing Protocol
Total 11 sheep were heparinized (200 U/kg, IV) and then anesthetized with propofol (5-10 mg/kg). Hearts were excised and Langendorff perfused with warm oxygenated Tyrode solution (pH 7.4; 95% O 2 , 5% CO 2 ; 36-38°C). In 7 sheep, optical mapping was conducted as previously with 1 charge-coupled device (CCD) camera directed toward the LA and 1 CCD camera toward right atrium (Di-4-ANEPS, 500 frames per second and 5-second movies). 34, 35 In 4 LAMI hearts, both the CCD cameras were used to dual map LA appendage (LAA) with voltage-sensitive (V m ) dye, RH237, and intracellular calcium (Ca i )-sensitive dye, Rhod-2-AM. LAA was paced with cycle lengths 150 to 300 ms for 10 seconds, and optical recording of V m and Ca i was performed to record the last paced beats and subsequent postpacing interval.
Caffeine-Induced Ca 2+ Release
Atrial myocytes were enzymatically dissociated from non-IZ (NIZ) and IZ of the heart using the Langendorff retrograde perfusion method. 36 Myocytes were cultured in M199 medium with 3% penicillin/streptomycin, loaded with fluo-4 AM, and field-stimulated to record Ca 2+ -release amplitudes (basal and 2-mmol/L caffeine-induced peak) by confocal line scan. Fluorescence peak (F) is calculated as a ratio of delta F over F0 (resting diastolic calcium fluorescence). Delta F is calculated as Fmax-Fmin (resting fluorescence during pacing). Calcium spark analysis was obtained using SparkMaster ImageJ plugin.
Collagen Analysis
Myocardial-tissue samples were collected from NIZ and IZ. The tissue was then fixed in 10% formalin, paraffin embedded in, sectioned at a thickness of 4 μm. Fibrosis was quantified on showing the left atrial (LA) coronary branches that were ligated (white knots). B, LAMI-induced PQ-segment changes. Twenty-four hours after LAMI, the P waves, which were positive before surgery (stars, left), became negative (stars, right). C, Eight-day LAMI specimen: a regional increase in inflammation at the LAA anterior portion in the ischemic zone (IZ) region extends to the LA roof-PV region. The IZ-non-IZ (NIZ) boundary is shown by red dashed line. D, Representative example of Picrosirius red collagen staining of NIZ, IZ, and dantrolene-treated IZ samples and quantification of fibrosis. Data are mean±SEM. LAMI IZ and NIZ, N=5 hearts; and LAMI-D, N=4 hearts. BZ indicates border zone; LAD, left anterior descending artery; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; and RA, right atrium. *P<0.05.
Picrosirius red-stained images. Images were photographed (10× objective), with either a digital 3-chip color CCD camera (DC-330, DAGE-MTI) on a Zeiss Axioplan2e microscope or a 12-bit color CCD camera (Qicam; Qimaging) on a Zeiss ACIO imager A1 microscope. Digital images were processed using ImageJ (National Institutes of Health), with additional threshold color plugins to process JPEG images. Pixels stained in red were normalized to the total pixel area of the image, and the results were expressed as a percentage. Perivascular, endocardial, and epicardial fibroses were excluded from the analysis. ] to pCa 5. Ca 2+ /EGTA ratio was calculated with Max-Chelator (www.stanford.edu/~cpatton/maxc.html), and 50 μg of SR-enriched solution was incubated for 2 hours at 37°C, filtered on GF/B glass filters (Whatman) presoaked with water, and washed twice with 5 mL of distilled water with an M24-R cell harvester (Brandel). Nonspecific binding was determined in the presence of 20 μM unlabeled ryanodine and subtracted from each sample.
Western Blot
Sheep IZ and NIZ tissue samples were washed with PBS containing PIs (Roche, PI tablet) and flash-frozen in liquid nitrogen. Frozen tissue (50-100 mg) was homogenized in 1 mL of lysis buffer containing PI. The homogenate was centrifuged at 1000 rpm for 3 minutes and the supernatant used for Western blotting. The tissue homogenates (50 μg) were then subjected to 1-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis. The blots were incubated overnight in a cold room with nNOS antibody (1:2000; Millipore, CA) and rabbit anti-GAPDH antibody (1:5000; Sigma-Aldrich, St. Louis, MO). The protein bands were visualized using enhanced chemiluminescence (Thermo Scientific, Rockford, IL). AntiCaM primary antibody was purchased from Abcam (Cat No.105498).
Nitroso-Redox Imbalance
Xanthine Oxidase and NADPH Oxidase Assay
Xanthine oxidase (XO) assay kit was purchased from Abcam, Cambridge, MA, and the assay was performed per the protocol provided by the vendor. NADPH (nicotinamide adenine dinucleotide phosphate, reduced form) oxidase assay was performed by the University of Michigan Metabolomics Core.
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DCF Assay
Fresh single 20-mm 3 tissue samples from the IZ and NIZ were frozen in OCT (optimum cutting temperature formulation)-filled cassettes. Thereafter, they were incorporated in 50-μM slices, washed with PBS, and incubated with 20-μM/L DCF (6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate) for 30 minutes at 37°C. Fluorescent light from the preparation was filtered with a 520-nm optical bandpass filter after DCF loading (confocal microscope; Zeiss, Inc).
Hearts that were used for optical mapping were not used for any other subsequent studies. For the metabolomics analysis, fresh, frozen samples of heart tissue from distinct animals were collected immediately after heart isolation.
Statistical Analysis
Data are represented as mean±SEM values. Statistical comparisons were performed by nonparametric t test (Wilcoxon signed-rank test) and nonparametric ANOVA (KruskalWallis test followed by post hoc Dunn multiple comparison test) when appropriate. Differences were considered significant when P<0.05.
RESULTS
LAMI-Induced PQ-Segment Changes and Extent of Lesions
We previously reported the distribution of coronary branches in sheep. 40 As previously shown in human atrial infarction, 41 P-wave polarity and shape changed postoperatively ( Figure 1B) . After 8 days, visual examination of explanted LAMI hearts revealed a large red exudative region over a large portion of the LA free wall ( Figure 1C , left), the LA roof, and the posterior LA-pulmonary vein region ( Figure 1C, right) . The IZ exhibited a nearly complete absence of contractility (Movie I in the Data Supplement). Histological evaluation of the IZ and NIZ regions showed that the normal myocardium is replaced by extensive, loose, immature connective tissue spanning the entire wall of most of the roof of the atrium ( Figure I in the Data Supplement). Picrosirius red staining showed a significant increase in interstitial fibrosis in the IZ compared with the NIZ. Fibrous tissue was interspersed with viable cardiomyocytes in the IZ, suggesting that the arterial occlusions caused patchy necrosis interspersed with viable but underperfused and hypocontractile cardiomyocytes. There was no significant effect of dantrolene on the extent of fibrosis in the IZ ( Figure 1D ). No statistically significant heart rate changes are seen in the dantrolene-treated and nontreated LAMI groups. Mean arterial pressure did not change significantly after the coronary ligation ( Figure II 
Spontaneous AF Occurrence and Effect of Dantrolene
The implanted loop recorder showed premature atrial contractions and spontaneous AF episodes, particularly after LAMI. A representative AF episode is shown in Figure 3A . LAMI animals experienced significantly more 
Dual Optical Mapping and Postpacing SFDs
Langendorff-perfused LAMI hearts were subjected to dual optical mapping with RH237 (membrane potential [Vm] sensitive) and Rhod-2-AM (Ca 2+ sensitive), respectively (N=4). A photographic image and the corresponding RH237-fluorescence background image delineating the NIZ and IZ are shown in Figure 4A (top) . Ten-second movies (including the last second of the pacing train and 9 seconds post-pacing) were recorded ( Figure 4A , bottom) at progressively shorter cycle lengths (300-150 ms in 25 ms decrements). A representative recording is shown in Figure 4B : the pacing train elicited 4 postpacing SFDs: 1 from the LAA IZ-NIZ border and 3 from the posterior LA IZ region. Importantly, SFDs were calcium driven ( Figure 4C ; Figure V in the Data Supplement) and rate dependent ( Figure 4D, bottom) , occurring principally at pacing intervals of 175 or 150 ms. A simultaneous Vm/Ca 2+ single-pixel time sequence at the site of SFD onset (LAA IZ-border) is shown in Figure 4C . During pacing, the Ca 2+ transient follows Vm. However, the SFD Ca 2+ transient precedes Vm. Figure 4D shows that the number of postpacing SFDs increased with isoproterenol perfusion (0.03 µM), and SFD numbers were markedly decreased after dantrolene (10-20 µM) . Figure 4E shows sequential Vm snapshots of the SFD that occurred at the LAA. The origin at the IZ-NIZ border is best seen at 0, 8, 16, and 22 ms (see also a distinct example in Movie II in the Data Supplement).
The electrophysiological properties of the preparation are illustrated in Figure 5 . Figure 5A shows the conduction properties, with clear slowing in the IZ region, Figure 5B shows representative maps of activation isochrones, action potential duration (APD), and Ca 2+ transient duration as a function of cycle length from 1 heart. IZ conduction abnormalities were clearly exaggerated as rate increased. Figure 5C shows voltage-calcium activation delay maps during pacing and during SFDs. Mean data ( Figure 5D ) indicate that the voltage-Ca 2+ activation delay (defined as the time from the initial Cai-signal rise to the voltage upstroke) was negative for paced complexes (reflecting the fact that the voltage rise occurred before the Ca 2+ -fluorescence increase) but was positive for SFDs, indicating that the Ca 2+ signal preceded the voltage increase. Figure VI in the Data Supplement shows that the perfusion of dantrolene did not significantly modulate APD or conduction velocity. At baseline, burst pacing induced 2 AF episodes: 1 during pacing and 1 post-pacing. After isoproterenol, 4 AF episodes occurred during pacing and 2 post-pacing. In contrast, all 3 AF episodes induced after dantrolene perfusion occurred during pacing. This observation suggests that dantrolene prevented AF initiation by SFDs but did not affect the reentry substrate. Similar phenomena were observed in all 7 hearts subjected to this protocol (including arrhythmia induction with both isoproterenol and programmed stimulation).
Spatiotemporal Stability of Rotors and SFDs in the Ovine Heart
Rotors and SFDs recorded with optical mapping techniques in LAMI Langendorff-perfused hearts demonstrate that in a given heart, rotors or SFDs appeared at spatiotemporally consistent locations. Figure 6A shows a rotor that formed shortly after AF initiation and anchored at the edge of the IZ. An isochronal map presented in Figure VII in the Data Supplement further illustrates the reentrant nature of the activation occurring at the IZ/NIZ junction in this heart. Analysis of SFDs in 7 LAMI hearts shows that postpacing-elicited SFDs originated at a maximum of 3 spatially consistent IZborder locations/heart ( Figure 6B ).
Intracellular Ca 2+ Dynamics
Atrial myocytes were enzymatically dissociated from NIZ and IZ of Langendorff-perfused LAMI hearts. Confocal line scan of the myocytes after fluo-4 AM loading shows an increased frequency and amplitude of Ca Figure 8A shows fluorescence levels of the reactive oxygen species (ROS)-sensitive dye, DCF, 42 in fresh LAMI tissue samples. DCF fluorescence in the IZ was significantly greater than in the NIZ. After adding H 2 O 2 , all regions exhibited equal DCF fluorescence. The xanthine content and NADP/NADPH ratios were significantly increased in the IZ versus NIZ (Figure 8B) , and Western blot analysis in 7 LAMI and 3 sham heart tissue samples showed significantly reduced level of nNOS (NO synthase-1) protein expression in the IZ (Figure 8C) . The decreased NOS1 expression, abnormally high levels of NADPH and XO activity, and excessive ROS production in the IZ show nitroso-redox imbalance, which could potentially cause RyR2 dysfunction, SCEs, and AF.
Nitroso-Redox Imbalance in the IZ
Differential CaM Modulation of [ 3 H] Ryanodine Binding
We adapted a We have measured CaM protein expression levels in NIZ and IZ samples (N=3, n=4). The results shown in Figure VIII in the Data Supplement indicate that CaM protein expression levels are significantly increased in the IZ versus NIZ group. The increase in CaM expression may be a compensatory mechanism of the cell to quench the hyperactivity of the RyR2 that was caused by ischemia. In addition, the increase in CaM expression indirectly supports our contention that CaM aberrantly stimulates the RyR2 channel.
DISCUSSION
Our study shows that regional atrial ischemia sets the stage for SCE-induced SFDs that initiate spontaneous AF and that this cascade of events is prevented by the administration of dantrolene. Our principal specific findings are that (1) regional LAMI in the sheep is a reproducible model of ischemia-related spontaneous AF, in agreement with previous findings in dogs 41 ; (2) intracellular calcium load is increased in myocytes from the IZ; (3) dantrolene-a drug that suppresses RyR2 unzipping and SCEs 33, [45] [46] [47] -prevents spontaneous AF in LAMI sheep; (4) dantrolene prevents the onset of spatiotemporally stable postpacing SFDs emanating from the IZ; (5) dantrolene also reverses aberrant CaM-induced increases in [ 3 H]ryanodine binding to RyR2 in IZ myocytes; and (6) ROS are increased in IZ myocytes. In addition, we found that in IZ cardiomyocytes, NOS1 (nNOS) protein expression is significantly reduced, and XO and NADPH oxidase activity is significantly increased, providing a potential candidate molecular basis for LAMIinduced RyR2 dysfunction.
Role of Atrial Infarction in AF Pathophysiology
Recent reports have suggested a key role for spontaneous SR Ca
2+
-release events (SCEs) in both paroxysmal and persistent AF pathophysiology. In persistent AF cardiomyocytes, the NCX1 (sodium-calcium exchanger type-1) expressions were unaltered. 48 There was RyR2 dysregulation and increased SR Ca 2+ uptake, resulting in enhanced SR Ca 2+ load. 48 In contrast, in persistent AF myocyte NCX1 expression was increased, 49 and SR Ca 2+ leak was caused by Ca 2+ /CaMKII (CaM-dependent protein kinase II)-mediated increases in the open probability of RyR2. 49 Similarly, enhanced CaMKII activity was detected in the fibrillating atria of animal models 50 and patients, 51 causing RyR2 hyperphosphorylation at Ser2814 leading to increased diastolic SR Ca 2+ leak. [50] [51] [52] [53] However, it remains unclear whether these mechanisms are relevant to patients with AF associated with CAD and atrial infarction. In right atrial infarction myo- cytes, Nishida et al 26 showed a larger occurrence of SCEs in IZ cardiomyocytes, although the relationship to ectopic activity and spontaneous AF was not probed and the mechanisms underlying SCEs were not addressed in any detail. Studies in infarcted ventricular tissue after 48 hours 54 -wave activities. 56, 57 However, the mechanisms by which CAD and atrial infarction lead to SCEs and AF remain largely unknown. For the first time, we provide here clear data implicating SCEs caused by RyR2 dysfunction in SFDs that initiate reentry and spontaneous AF in a CAD model. In addition, our results point to nitroso-redox imbalance as a potential underlying mechanism.
Role of Nitroso-Redox Imbalance
•− generation during ischemia and reperfusion is caused by multiple potential cellular sources that include cellular cytochrome p450 activity, mitochondrial electron transport damage and uncoupling, the conversion of cellular xanthine dehydrogenase to XO, NADPH oxidase activity, and uncoupled NO synthase activity. 58 Recent studies have indicated that NADPH oxidase is responsible for a large proportion of the O 2
•− produced by the atria in AF. 59 Rather than redox imbalance alone, it was suggested that nitroso-redox imbalance may contribute to RyR2 dysfunction. 29, 60 Similar to redox signaling, NO can also modify cysteine residues. This occurs by the addition of the NO moiety to a cysteine thiol to form an SNO (S-nitrosothiol) and is termed S-nitrosylation. NOS1 colocalizes with RyR2, and it was found that NOS1 signaling may increase RyR2 activity via S-nitrosylation 61 but that a decreased NOS1 activity may result in an increased O 2
•− production via XO or NADPH oxidases, [62] [63] [64] [65] also leading to increased RyR2 activity. 27 NO usually inhibits XO and NADPH oxidases and limits O 2
•− production. 63, 66, 67 But with the loss of NOS1 and NO, oxidases are no longer inhibited and produce an excess of O 2
•− . In this context, the 89 cysteine residues 60 of RyR2 are prime targets for regulation by ROS. 68, 69 In addition to direct regulation, ROS may also regulate RyR2 Ca 2+ release through indirect pathways by altering CaM binding. 70, 71 As presented here, NOS1 protein expression levels in LAMI IZ myocytes are reduced, whereas, at the same time, there is an increased XO and NADPH oxidase activity and abnormally high levels of ROS. Thus, our results suggest that nitroso-redox imbalance is present in our model and underlies ROS-induced RyR2 dysfunction. Besides, our results suggest that RyR2 N-terminal/central domain interaction is under the control of redox-sensing mechanisms built into these domains. Previously, it was demonstrated that the mode of interdomain interaction of 2 specific domains within the RyR2 (N-terminal and central domains) plays a key role in Ca 2+ channel regulation. Under normal conditions, the interaction of these domains is tight (zipped), stabilizing the closed state of the channel; on stimulation of the RyR2, the interdomain interaction becomes loose (unzipped), and the channel opens. 72 In diseased conditions, a mutation in either of these domains weakens the interdomain interaction even in resting or nonactivating conditions, and diseased channels remain partially open. Based on sequence similarities with RyR1, 73 an oxidoreductaselike domain is present in the N-terminal region 41 to 420 and may function as a redox sensor. This region corresponds to the N-terminal domain-one of the key domains involved in the interdomain interaction. Interestingly, Cys residues in the RyR2 (2403, 2532, 2573, and 2578) are clustered in the region that is partially overlapping with the central domain-another key domain involved in the interdomain interaction.
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CaM Binding to RyR2
CaM-a classical RyR2 regulator [75] [76] [77] -binds to RyR2 stoichiometrically (4 CaMs per tetrameric RyR2). [78] [79] [80] CaM inhibits RyR2 opening at all Ca 2+ concentrations and, as such, regulates SR Ca 2+ release. 78, 80 CaM binding to RyR2 is reduced after myocardial infarction, 81 heart failure, 82, 83 or by CPVT1 (catecholaminergic polymorphic ventricular tachycardia-1) mutations, 84 rendering RyR2 channels hyperactive. Recently, evidence was presented that in 1-month infarction heart failure versus normal myocytes, the CaM-RyR2 affinity measured by fluorescence resonance energy transfer is ≈3-fold lower. 81 Another recent study, however, showed that arrhythmia-causing mutant CaM proteins aberrantly bind to RyR2 with a relatively higher affinity; this interaction, however, changes the CaM effect on RyR2 from inhibitory to stimulatory. 28 This is reminiscent of the dual action of CaM on skeletal ryanodine receptor (RyR1): activating effect at nanomolar [Ca 2+ ] but inhibitory effect at high micromolar [Ca 2+ ]. 85 Our data suggest that similar to the findings of this study, there is an aberrant CaM-RyR2 binding in IZ myocytes. In our view, the increase of CaM expression may be a compensatory mechanism of the cell to quench the hyperactivity of the RyR2 that was caused by ischemia. Also, the increase of CaM expression indirectly supports our contention that CaM aberrantly stimulates the RyR2 channel. Our results also extend previous work showing that defective CaM binding may be restored by dantrolene. 32, 83 Dantrolene is a hydantoin derivative that acts as muscle relaxant and is the most effective treatment for malignant hyperthermia-a rare life-threatening familial disorder caused by mutations in the RyR1. 45 The therapeutic action of dantrolene is at least partly because of its binding to an amino-terminal sequence of RyR1, which restores interdomain interactions critical for the closed state of the channel. 86 Recently, dantrolene has been shown to target a corresponding sequence in RyR2. 45, 86 Dantrolene corrects defective RyR2 interdomain interaction (unzipping) in failing myocytes. 45 This action in turn inhibits spontaneous Ca 2+ leak/Ca 2+ sparks and improves cardiomyocyte function. 45 It was also suggested that dantrolene treatment ameliorates RyR2 unzipping and aberrant Ca 2+ events after prolonged endothelin-1 exposure and after having reduced nuclear translocation of CaM. 46, 87 Dantrolene improves intracellular Ca 2+ handling and arrhythmias in a mouse model of CPVT1 47 and prolongs survival after ventricular fibrillation by mitigating impaired calcium handling in pigs and rabbits. 33 The previous evidence, in combination with our results, points toward RyR2 unzipping and aberrant CaM binding in atrial infarction as the cause of SCEs and SFDs in IZ cardiomyocytes.
Limitations
Early studies suggested that dantrolene significantly prolongs APD. 88, 89 This effect, however, was not statistically significant in atrial fibers. 88 Further, it was also suggested that dantrolene effects in vivo may be mediated by modulation of sympathetic tone, which may result in an excessive opening of L-type Ca 2+ channels. 90 Therefore, it remains unclear whether dantrolene modulates individual sarcolemmal ion channel conductance in atrial cardiomyocytes. In addition, because Ca 2+ -transient measurements in the intact heart cannot be accurately calibrated in terms of absolute intracellular Ca 2+ concentrations, we are unable to quantify any differences in Ca 2+ -transient amplitudes between dantrolene-treated and control LAMI hearts. Thus, whether dantrolene directly affects Ca 2+ -transient amplitudes in our LAMI sheep remains unknown. The results presented in Figures I and II in the Data Supplement, however, suggest no effects on APD, conduction velocity, or heart rate, as would have been expected if dantrolene acted by modulating sympathetic tone. On the contrary, dantrolene has been suggested to display antioxidant effects 91 or to act as a modulator of antioxidant enzyme activity. 92, 93 Therefore, we cannot exclude the possibility that part of the antifibrillatory action of dantrolene was mediated by decreased nitroso-redox imbalance. We performed nNOS and DCF measurements in sham and LAMI cells to assess the possible role of nitroso-redox imbalance in ischemic atrial tissues; however, we did not measure these indices in dantrolene-treated LAMI sheep. This measurement would be useful to perform in future studies. As previously shown by Rivard et al, 94 autonomic neural output affects the AF substrate after atrial ischemia. It would be interesting in future studies to assess whether the results would be changed by chemical autonomic blockade or autonomic denervation and to assess any potential contribution of autonomic tone to AF triggering.
We showed in this study that dantrolene suppresses Ca 2+ -mishandling and prevents spontaneous AF in LAMI sheep. However, dantrolene did not appear to suppress AF induction by programmed stimulation. This observation is compatible with the notion that Ca 2+ -handling abnormalities are central to the triggered activity that causes spontaneous ectopic arrhythmias, which initiate AF-maintaining reentry in a vulnerable substrate, but that factors other than Ca 2+ mishandling, like fibrosis and scarring in the atrial IZ, underlie the reentry substrate as suggested previously. 26 Finally, we did not perform imaging studies to assess possible cardiac function changes in our sheep. Although such studies might provide useful information, they would have required general anesthesia to immobilize the animals, which would have interfered with the other measurements we obtained and were, therefore, not performed. Absence of any clinical changes or alterations in heart rate or blood pressure ( Figure II in the Data Supplement) in our sheep, nor of any specific reason to suspect altered cardiac function, we decided that the use of additional animals only to perform such studies was not sufficiently justified.
